Annealing-induced changes of the magnetic anisotropy of (Ga,Mn)As epilayers 
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The dependence of the magnetic anisotropy of As-capped (Ga,Mn)As epilayers on the annealing 
parameters - temperature and time - has been investigated. A uniaxial magnetic anisotropy is 
evidenced, whose orientation with respect to the crystallographic axes changes upon annealing from 
[110] for the as-grown samples to [110] for the annealed samples. Both cubic an uniaxial anisotropies 
are tightly linked to the concentration of charge carriers, the magnitude of which is controlled by 
the annealing process. 

PACS numbers: 75.50.Pp, 75.30.Gw, 75.70.-i 
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Considerable experimental and theoretical efforts have 
recently been devoted to the study of III-V diluted mag- 
netic semiconductors (DMS) due to their potential imple- 
mentation as spintronic devices pj. The high ferromag- 
netic transition temperature of (Ga,Mn)As has made this 
compound one of the most investigated III-V DMS, being 
regarded as the prototype of this new class of materials 
U . It is well established nowadays that the ferromagnetic 
interaction between the magnetic ions is mediated by the 
charge carriers, holes in this case, and that point defects 
such as As antisites (Asca) and Mn interstitials (Mn/) 
play a crucial role in determining the magnetic properties 
of (Ga,Mn)As HOlOl- Optimal annealing experiments 
have proved that the highly mobile Mn/ defects [3 out- 
diffuse to and are passivated at the free surface p||6| and 
that in all successful annealings the Mn/ concentration 
is higher than the concentration of Asca- The removal 
of Mn/ from the bulk of (Ga,Mn)As leads to an increase 
of the ferromagnetic transition temperature (Tq), car- 
rier concentration and average manganese magnetic mo- 
ment. However, one particular aspect of the magnetic 
properties is not fully understood and this concerns the 
magnetic anisotropy. Experimentally it is found that a 
strong uniaxial (UA) contribution to the overall magnetic 
anisotropy appears along the [110] direction 0, H, @- 
Although the (Ga,Mn)As structure is tetragonally dis- 
torted due to its lattice mismatch with the GaAs sub- 
strate, structural characterization commonly shows that 
the epilayers are coherently strained to the substrate [T^j 
and this holds even for very large thicknesses of the order 
of a few [im 8] . Theoretical investigations explain fairly 
well the influence of the biaxial strain and hole concentra- 
tion on the magnetic anisotropy 0,0]- However, based 
on symmetry arguments the tetragonal distortion cannot 
account for the appearance of the uniaxial anisotropy. 
Anisotropy measurements on as-grown samples of differ- 
ent thicknesses and on annealed-and-etched samples 
have shown that the UA contribution does not have a 
surface or interface origin. Instead, it has been suggested 
by Sawicki et al. [|| that the UA originates from a small 
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FIG. 1: Field dependence of the magnetization recorded at 
different temperatures for a 1000 A thick sample annealed at 
240 °C for lOh. The crosses in the inset of the T20K' pane 
represent a fit to the hard axis magnetization as discussed in 
the text. 



trigonal distortion e xy ^ 0; using the p — d Zener model 
of the ferromagnetism they estimate that e xy — 0.05% is 
enough to explain the experimentally observed UA. The 
microscopic origin of the trigonal distortion could be sur- 
face As-dimerization, resulting in surface reconstruction 
and an inequivalence between the [110] and [110] direc- 
tions 0- 

The Gai-^Mn^As (x ~ 0.06) samples were grown 
on (001) GaAs substrates by low-temperature molecu- 
lar beam epitaxy at a growth temperature (T g ) of about 
230 °C. Further details on the sample preparation are 
given elsewhere (l3j . For an efficient annealing, a rather 
thick capping layer of amorphous As was deposited on 
top of (Ga,Mn)As. Pieces of the as-grown samples were 
annealed in air at different annealing temperatures (T a ) 
and for different annealing times (t Q ). We have shown 
that the dependence of Tq on the annealing time has a 
peculiar variation due to the presence of the amorphous 
cap [6j. Depending on the 'position' of T a with respect 
to T g , Tc-peaks appear at certain values of t a (t^ eak ). In 
this study we focus only on T a either lower (215 °C) or 
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TABLE I: T c values for the 1000 A and 300 A thick samples 
annealed at 215 °C and 240 °C for different t a . The as-grown 
samples are denoted by 'a'. 
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higher (240 °C) than T g . The annealing times are chosen 
relative to the t^ ak position in order to cover i Q -regions 
below and above fP eak Q . 

The magnetic anisotropy of the samples was assessed 
from field-dependent measurements of the magnetization 
recorded in a QuantumDesign MPMS-XL SQUID mag- 
netometer. For a detailed investigation of the magnetic 
anisotropy, hysteresis loops were measured along four 
different crystallographic directions, namely [100], [110], 
[010] and [110], and at different temperatures, both for 
the as-grown and annealed samples. An example of such 
hysteresis loops is shown in Fig. ^ for a 1000 A thick 
sample annealed for lOh at 240 °C. The Tc was derived 
from the temperature dependence of the magnetization, 
M(T), as the onset of the FM order; T c values for the 
different samples are summarized in Table [I] The free 
energy density, considering a cubic, an uniaxial and a 
Zeeman term, can be written as e = K c sin 2 (6) cos 2 (9) + 
K u sin 2 (# — 7r/4) — hqM s H cos(# — ckh), where 9 and aa 
give the orientation of the saturation magnetization (M s ) 
and applied field with respect to the [100] direction, arbi- 
trarily chosen as a reference axis. In our measurements, 
an therefore assumes the following values 0, tt/4, 7t/2 
and 37r/4. Minimization of the free energy with respect 
to the angle 9, and for particular values of an, gives re- 
lations between the applied field and the magnetization 
as in Eq.[I](aff = 37r/4). 
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The anisotropy constants, K u and K c , are found from 
fits to the measured hard- axis magnetizations, with the 
hard-axis corresponding to the [110] and [110] directions 
for the as-grown and annealed samples, respectively. An 
example of such a fit is shown in the inset of the '120 
K' pane of Fig. (the fit is marked by crosses). One 
should stress that errors stemming from determination of 
the sample volume (thickness and area) directly influence 
the value of the saturation magnetization and as a result 
rather large relative errors of 5-^10% are introduced when 
calculating the anisotropy constants. 

Figures |21 and |3] show the temperature dependence of 
the anisotropy constants for the 1000 A and 300 A thick 
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FIG. 2: (a) and (b) K c and K u vs. temperature for a 1000 A- 
thick sample annealed at 215 °C (empty symbols, left hand 
panes) and 240 °C (half-filled symbols, right hand panes), 
(c) The ratio K u /K c as a function of the reduce temperature 
T/T c for T a = 215 °C (left hand pane) and T a = 240 °C 
(right hand pane), (d) K c (dashed lines) and m* (solid lines) 
vs. temperature (T a = 240 °C). (e) K u (dashed lines) and 
m 2 a (solid lines) vs. temperature (T a = 240 °C). 



films, respectively. The relative contribution of the two 
anisotropies to the overall anisotropy is given by the ra- 
tio K u /K c . This ratio is plotted in Figs. [21(c) and 0(c) 
for the two annealing temperatures. If K u /K c ^ 1, the 
EA is pinned along [110]; if < K u /K c < 1, the EA 
assumes intermediate directions between [110] and [100]; 
if 1/V2 sC K u /K c < 1, the EA is closer to [110] and 
vice versa (the grey line in the figures corresponds to 
K u /K c = 1/a/2)- In the limit case of a cubic anisotropy, 
i.e. EA along [100], K u tends to zero. All these situations 
can be easily seen in the hysteresis loops. For instance, in 
Fig-H a t 5 K, K u /K c = 0.9, thus the EA is very close to 
[110], while at elevated temperatures, as K u /K c exceeds 
1, square hysteresis loops are obtained with M,t 110 ' ~ M s , 
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FIG. 3: (a) and (b) K c and K u vs. temperature for a 300-A- 
thick sample annealed at 215 °C (empty symbols, left hand 
panes) and 240 °C (half- filled symbols, right hand panes), (c) 
The ratio K u /K c as a function of the reduced temperature 
T/T c for T a = 215 °C (left hand pane) and T a = 240 °C (right 
hand pane). 



where M r is the remanence magnetization. In Fig. [21 (d) 
and (e), one may notice that K c and K u exhibit a tem- 
perature dependence in agreement with that of mf and 
ml, respectively, as expected for the cubic and uniaxial 
anisotropy terms. 



For the as-grown samples we find that at low tem- 
peratures the uniaxial contribution is negligible as com- 
pared to cubic one; the ratio K u /K c approaches zero in 
this case, and thus an equivalence between the (100) and 
(110) axes is found in the hysteresis loops. As the tem- 
perature increases, K c has a rapid fall-off and an uniax- 
ial contribution appears with the EA oriented (roughly) 
along [110]. It should be noted, using the free energy 
expression for the magnetization given above, that the 
extracted value of K„ is negative for the as-grown sam- 
ples. However, in Figs. |21 (b) and (b) the magnitude 
of K u is plotted instead. Furthermore, the temperature 
dependence of K u is similar for both the 1000 A and 
300 A thick samples, whereas K c is larger for the 1000 
A sample than for the 300 A sample. 

A 90-degree rotation of the UA takes place upon an- 
nealing. This rotation occurs even for very short t a sig- 
naling a strong correlation between the UA direction and 
the hole concentration as pointed out recently by Saw- 
icki et al. For T a close to T g short annealing times 
are needed to readily deplete the bulk of (Ga,Mn)As from 
Mnj , and thus a large increase of the hole concentration 
is expected 6] . Another manifestation of the close con- 
nection between magnetic anisotropy and carrier concen- 
tration is the variation of the anisotropy constants with 
t a since both K c and K u exhibit maxima at t a = t^ eak ; a 
maximum in hole concentration at t a = tP eak was inferred 
from the annealing experiments reported in Ref. Q . 

In summary, we have shown that both cubic and uni- 
axial anisotropics appearing in (Ga,Mn)As are influenced 
by changes in the hole concentration, which in turn is 
controlled by the different annealing parameters. 
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